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In order to become GC  GC–TOFMS a useful tool in geochemical oil prospecting, it is mandatory to be
able to calculate quantitative geochemical parameters. A suite of Colombian oils from Upper Magdalena
Valley Basin was chosen to obtaining several thermal maturity and source parameters based on bio-
marker ratios showing that GC  GC–TOFMS is able to be used to provide relevant geochemical
information.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Geological aspects of petroleum systems of Colombia are avail-
able in the literature [1–3]. However, studies devoted exclusively
to characterize oils from Colombia are not abundant [4–6]. Among
the various classes of compounds present in crude oils, saturated
biomarker provides important geochemical parameters used to in-
fer petroleum system characteristics such as origin, thermal matu-
rity, biodegradation level, as well as oil–oil and oil–source rock
correlations [7].
The most usual methods to analyze geochemical and petroleum
samples are GC–MS/MS and conventional GC–MS [8]. The main
problems in GC–MS are coelutions, which can be resolved by
GC–MS/MS through monitoring selective reactions but the full
mass spectra of the compounds are not obtained. Full spectra are
particularly interesting when the focus of analysis is not only the
search for usual compounds but also the search for new com-
pounds which could bring new insights into the petroleum system
under investigation.
Comprehensive two-dimensional gas chromatographywith time
of ﬂight mass spectrometry (GC  GC–TOFMS) is an option to over-
come the limitations of the 1D GC–MS (coelutions) and 1D GC–MS/.
Silva), debora@iq.ufrj.br (D.A.
evier OA license.MS (lack of full mass spectra). Applications of GC  GC–TOFMS to
petrochemical samples including a few on biomarker analyses have
been published [9–16]. Most of these works were devoted to quali-
tative analysis, but recently quantitative GC  GC–FID was used to
provide usual biomarker ratios [17]. Despite the much higher chro-
matographic resolution provided by GC  GC, the Flame Ionization
Detector could not ascertain whether coelutions occurred, which
would affect the values obtained in an unpredictable way.
The aim of this study is to demonstrate through a detailed anal-
ysis of the biomarker composition in oils from Colombia, the use of
quantitative GC  GC–TOFMS for the determination of various
thermal maturity and source parameters based on biomarkers.
2. Experimental
2.1. Sample description
Ten oils from the Upper Magdalena Valley basin, Colombia were
analyzed for this work.
2.2. Sample preparation
Sample preparation followed a procedure published elsewhere
[9]. Brieﬂy, the crude oils were submitted to liquid chromatogra-
phy with pre-activated silica as the stationary phase and hexane
as the eluent for the isolation of the saturated hydrocarbon fraction
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(Silicalite) to remove the n-alkanes. The samples containing cyclic
and branched saturated hydrocarbons were dissolved in dichloro-
methane and injected into the gas chromatograph.
2.3. Instrumentation and chromatographic conditions
Analysis conditions have been previously optimized [9,18] and
consisted of a Pegasus 4D (Leco, St. Joseph, MI, USA) GC  GC–TOF-
MS, composed of an Agilent 6890 GC (Palo Alto, CA, USA) equipped
with a secondary oven and a non-moving quad-jet dual-stage
modulator and a Pegasus III (Leco, St. Joseph, MI, USA) time of ﬂight
mass spectrometer. A DB-5 column (Agilent, Palo Alto, CA, USA),
5%-phenyl–95%-methylsiloxane (30 m  0.25 mm i.d., 0.25 mm
df) was used as the ﬁrst-dimension column (1D). A BPX-50 column
(SGE, Ringwood, VIC, Australia), 50%-phenyl–50%-methylsiloxane
(1.5 m  0.1 mm i.d., 0.1 lm df) was used as the second-dimension
column (2D). The 2D column was transferred to the TOFMS by
means of a 0.5 m  0.25 mm i.d. empty deactivated fused silica
capillary, which was connected via SGE mini-unions and SiltiteTM
76 metal ferrules 0.1–0.25 mm i.d., (Ringwood, VIC, Australia). The
GC conditions for the ﬁrst dimension include: splitless modeFig. 1. Selected regions of m/z 191 mass chromatogram of oil F (a–cinjection of 1 lL at 290 C, a purge time of 60 s, and a purge ﬂow
of 5 mL/min. Helium was used as carrier gas at a constant ﬂow rate
of 1.5 mL/min. The primary oven temperature program began at
70 C for 1 min, was ramped at 20 C/min to 170 C, and then at
2 C/min to 325 C. The secondary oven temperature program
was 10 C higher than the primary. The modulation period was
8 s with a 2 s hot pulse duration, and the modulator temperature
was 30 C higher than the primary oven temperature. The transfer
line to the MS was at 280 C, the electron ionization mode set was
at 70 eV, the mass range ofm/zwas 50–600, the ion source temper-
ature was 230 C, the detector was at 1550 V, and the acquisition
rate was 100 spectra/s.
Samples were analyzed in Total Ion Chromatogram (TIC) and
Extracted Ion Chromatogram (EIC) using m/z 191 (tri-, tetra- and
pentacyclic terpanes), m/z 177 (demethylated tri-, tetra- and pen-
tacyclic terpanes in the C-10),m/z 123 (8,14-secohopanes)m/z 355
(28-norhopanes), m/z 369 (28-norspergulanes), m/z 217 and 218
(aaa and abb steranes, respectively), m/z 205 (methylhopanes),
m/z 231 and 232 (aaa and abb methylsteranes, respectively),
andm/z 259 (diasteranes and tetracyclic polyprenoids). The identi-
ﬁcation was performed by comparison with literature mass spec-
tra, mass spectral examination, retention time, and elution order.); (d) mass spectrum of C(14a)-homo-26-nor-17a-hopane C30.
Fig. 2. Mass chromatogram m/z 205 of oil A, showing the detected 2a-methyl-
hopanes and mass spectrum of 2aMH C31.
Fig. 3. (a) Mass chromatogram m/z 123 of oil B, characteristic for 8,14-seco-
hopanes detection. (b) Mass spectrum of an 8,14SH C30.
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GC  GC–TOFMS data acquisition and processing were per-
formed with ChromaTOF software version 4.0 (Leco, St. Joseph,
MI, USA). Individual peaks were automatically detected on the ba-
sis of a 10:1 signal to noise ratio. Areas of the individual peaks were
automatically acquired. Biomarker ratios were determined by se-
lected biomarker peak areas.
3. Results and discussion
3.1. Qualitative biomarker characterization
The chosen column set had non-polar versus polar conﬁguration,
where separation in 1D was based on the volatility, while in 2D the
separation was based on the polarity of the compounds. The conﬁg-
uration non-polar versus polar of columns is the most often applied
topetrochemical samples [9–16]. Then-alkaneswere removed to al-
low better detection of low-concentration biomarkers.
Complete separation between tricyclic and pentacyclic terpanes
(e.g., hopanes and moretanes) on the m/z 191 ion chromatogram
was promoted by 2D (Fig. 1a). Tricyclic terpanes in the range
Tr19–40 were detected, and among the most common pentacyclic
terpanes, Ts and Tm tris-nor-hopanes, C29–C35 hopanes
(H29–H35), moretanes (M29–M31), gammacerane, 28,30-Bis-nor-
hopane (28,30-BNH), 25-nor-hopane (25NH), and C(14a)-Homo-
26-nor-17(H)-hopane (HH30) were identiﬁed (Fig. 1b).
Diahopane C30 (DH30), lupane (L), and 18(a)-oleanane (O)
were detected as well as the tetracyclic polyprenoids C30 (TPP)
(Fig. 1c). DH30 is a rearranged hopane common in oils, while
lupane and 18(a)-oleanane are triterpanes that reﬂect input of
organic matter from angiosperms [7].
28-nor-spergulane (28NS) was reported recently [19] and is the
most abundant member of this biomarker family. It has been de-
tected in a large number of oils from different sources and is par-
ticularly abundant in lacustrine oils from Southeast Asia.
However, biological sources and geochemical implications of
28NS are not well-known yet. Also, shown in (Fig. 1c) is the good
separation between lupane and 18(a)-oleanane promoted by the
polar 2D. These compounds usually coelute in one-dimensional
gas chromatography using non-polar stationary phases [20]. HH30
is a rearranged hopane that was early described in biodegraded oils
[21,22]. The tentative identiﬁcation was based on chromatographic
and spectral data published in the literature [23–25] (Fig. 1d).
2a-Methyl-hopanes (2aMH) were detected in all samples, they
coelute in 1D with hopanes with corresponding carbon numbers
less one CH2 unit, but they were separated in 2D as shown in
Fig. 2. Hopanes are usually detected as a C27–C35 series, and the
same would be expected for 2aMH, but the presence of 2aMH is
often limited to C30–C32 [26] as found for all analyzed samples.
2aMH are generated by cyanobacteria and are frequently found
in samples of marine origin [27].
Few demethylated tricyclic terpanes (D19–22) were detected in
the samples. High levels of demethylated tricyclic terpanes on car-
bon 10 are common in severely biodegraded oils and thermally
mature sedimentary organic matter. Tricyclic terpanes are very
resistant to biodegradation, normally, they are consumed after ho-
panes. Therefore, their presence in oils containing hopanes could
be regarded as anomalous, given the conventional biodegradation
rank [7]. However, demethylated tricyclic terpanes have been re-
ported in non-biodegraded oils from Colombia [4,28]. Our results,
together with the literature, suggest that this may be a feature of
the oils from Colombia.
Another class of biomarkers found in the samples were
C27–C31 8,14-secohopanes (8,14 SH), which elute between the tri-
cyclic terpanes and the pentacyclic terpanes in the polar 2D andcoelute with steranes which are tetracyclic compounds like the
8,14SH (Fig. 3).
Regular steranes C27–C30 were found (Fig. 4). C27–C29 ster-
anes are usually present in oils, differing in the relative proportion
among them. 24-propyl-cholestanes C30 steranes are formed from
steroids present in marine algae, so they are speciﬁc to indicate
marine source for oils [7]. 4-Methyl-steranes C28–C30 were found,
they began to elute after C27 steranes (Fig. 5). These compounds
are produced by dinoﬂagellate algae and are found in marine origin
oils, but they are not speciﬁc for marine depositional environment
as are the C30 steranes (24-propyl-cholestanes) [7]. Diasteranes
C27–C30 where detected, b-Carotane was detected in all samples
in low concentration.
Fig. 4. Mass chromatogram m/z 217 of oil J: Detection of steranes: C27 cholestanes,
C28 24-methyl-cholestanes, C29 24-ethyl-cholestanes, C30 24-propyl-cholestenes.
Fig. 5. Mass chromatogram m/z 217 of oil A: Detected compounds: 4(a)-methyl-
steranes, C27 4(a)-methyl-cholestanes, C28 4(a)-methyl- 24-methyl-cholestanes,
C29 4(a)-methyl-24-ethyl-cholestanes, C30 4(a)-methyl-24-propyl-cholestanes.
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In the analysis of biomarkers to use them as geochemical
parameters, the simple presence or absence of a biomarker does
not provide conclusive information, indeed more precise data areTable 1
Geochemical biomarker ratios obtained using GC  GC–TOFMS peak areas for oils from Co
Oil parameter A B C D
M30/H30a 0.07 0.06 0.05 0.05
H32 S/(S + R)b 0.60 0.57 0.52 0.61
Ts/Ts + Tmc 0.52 0.47 0.50 0.50
C29 aaa S/(S + R)d 0.48 0.57 0.52 0.48
C29 bb/bb + aae 0.44 0.54 0.57 0.52
G/H30f 0.04 0.03 0.03 0.02
Tr23/H30g 2.28 2.25 2.32 2.34
H35/H34h 0.63 0.74 0.90 0.54
Te24/H30i 0.13 0.06 0.12 0.13
Tr26/Tr25j 0.64 0.69 0.65 0.69
H/Sk 2.90 2.46 2.49 2.78
C27/C29l 1.55 3.75 1.40 1.76
TPP/dia27m 1.20 1.05 1.05 1.20
Dia/Regn 0.80 0.60 0.60 0.60
25NH/H30o 0.04 0.05 0.05 0.04
a Calculated from m/z 191 chromatogram peak areas of M30 17b(H),21a(H)-hopane a
b Calculated from m/z 191 chromatogram peak areas of H32 17a(H),21b(H)-bishomoh
c Calculated from m/z 191 chromatogram peak areas of C27 22,29,30-trisnorneohopan
d Calculated from m/z 217 chromatogram peak areas of C29 5a(H),14a(H),17a(H)-24-
e Calculated from m/z 217 chromatogram peak areas of C29 5a(H),14a(H),17a(H)-2
(20S + 20R).
f Calculated from m/z 191 chromatogram peak areas of gammacerane and H30 17a(H
g Calculated from m/z 191 chromatogram peak areas of C23 tricyclic terpane and H30
h Calculated from m/z 191 chromatogram peak areas of H34 17a(H),21b(H)-tetrakisho
i Calculated from m/z 191 chromatogram peak areas of C24 tetracyclic terpane and H
j Calculated from m/z 191 chromatogram peak areas of C25 tricyclic terpane and C26
k Calculated from m/z 217 chromatogram peak areas of C27 5a(H),14a(H),17a(H)-cho
30-hopane.
l Calculated from m/z 217 chromatogram peak areas of RC27 and RC29steranes.
m Calculated from m/z 259 chromatogram peak areas of TPP and C27 13b(H),17a(H)-d
n Calculated from m/z 217 chromatogram peak areas of C27 13b(H),17a(H)-diacholes
o Calculated from m/z 191 chromatogram peak areas of 25-nor-hopane and H30 17a(provided by biomarker ratios. The selected biomarker ratios ob-
tained are shown in Table 1.
Thermal maturity parameters obtained are compatible with
normally found for oils [7], these data are plotted as a spider
web diagram in Fig. 6a, which shows that the oils have similar
maturity levels.
Source parameters are in accordance with marine origin, which
was indicated by the presence of C30 steranes. H/S <4, H35/H34,
and Tr26/Tr25 <1 also indicate marine origin [7]. TPP are biomark-
ers common in lacustrine oils, the ratios between TPP and C26 ster-
anes (norcholestanes and diacholestanes) were proposed as an
indicator of input from freshwater environments [7,29,30]. How-
ever, norcholestanes were not detected in the oils analyzed, so it
was used the ratio TPP/Dia27. Only oil F showed TPP/Dia27 ratio
<1, for other samples were found TPP/Dia27 >1, which suggests
some input from freshwater environments. Gammacerane indi-
cates stratiﬁed water column by salinity or temperature gradient,
and Te24 is a biomarker which may indicate hypersaline deposi-
tional environment [7,31]. All oils have low G/H30 and Te24/H30
ratios, which suggest that the marine depositional environment
had non-stratiﬁed water column and was not hypersaline. Source
parameters shown in Table 1 are plotted as spider diagrams in
Fig. 6b for better evaluation of similarity among these oils. Oil B
presents the highest C27/C29 steranes ratio, and oil F has the high-
est Tr23/H30 ratio. C27 Steranes are originated from algae and C29
steranes from higher plants. C27/C29 steranes and Tr23/H30 ratios
are source parameters, but their interpretation must be made
carefully because they can be affected by thermal maturity and/
or biodegradation.
8,14-Secohopanes are associated with biodegraded oils [7] since
they are usually found in severely biodegraded oils which may sug-
gest that they are formed from microbial action on the hopanes.
However, all samples presented low 25NH/H30 ratios (<0.07),
which shows that the samples are not biodegraded or are mixtures.lombia.
E F G H I J
0.08 0.13 0.08 0.04 0.06 0.06
0.57 0.59 0.45 0.62 0.59 0.65
0.40 0.57 0.51 0.49 0.47 0.48
0.57 0.47 0.48 0.51 0.50 0.51
0.56 0.52 0.42 0.48 0.51 0.52
0.05 0.03 0.04 0.09 0.04 0.03
2.18 5.19 1.47 2.13 2.34 2.39
0.17 0.5 0.75 0.64 0.48 0.58
0.09 0.30 0.12 0.11 0.13 0.14
0.59 0.64 0.54 0.59 0.61 0.63
1.88 0.89 2.40 2.63 2.41 2.11
1.23 1.74 1.87 1.72 1.62 1.76
1.45 0.65 1.74 1.35 1.28 1.02
0.40 0.80 0.40 0.50 0.60 0.60
0.03 0.06 0.05 0.01 0.02 0.03
nd H30 17a(H),21b(H)-hopane.
opane (22S + 22R).
e (Ts) and C27 22,29,30-trisnorhopane (Tm).
ethyl-cholestane (20S + 20R).
4-ethyl-cholestane (20S + 20R), and C29 5a(H),14b(H),17b(H)-24-ethyl-cholestane
),21b(H)-hopane.
17a(H),21b(H)-hopane.
mohopane (22S + 22R) and H35 17a(H),21b(H)-pentakishomohopane (22S + 22R).
30 17a(H),21b(H)-30-hopane.
tricyclic terpanes.
lestanes (20S + 20R), and m/z 191 chromatogram peak area of H30 17a(H),21b(H)-
iacholestanes (S + R).
tanes (S + R) and C27 5a(H),14a(H),17a(H)-cholestanes (20S + 20R).
H),21b(H)-30-hopane.
Fig. 6. Spider diagrams of thermal maturity (a) and source (b) parameter.
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cursor [32].
The main observed advantage of GC  GC–TOFMS over GC–MS
is obviously resolving coelution such as occurred between gam-
macerane and the ﬁrst-eluting tricyclic terpane C34 (Tr34)
Fig. 1a; in a one-dimensional system, the gammacerane peak
would be masked by the Tr34 peak in the m/z 191 mass chromato-
gram. Indeed, for oils rich in tricyclic terpanes with more than C30,
as in the oils analyzed in this study, GC  GC–TOFMS promote a
complete separation between tricyclic terpanes and hopanes in
2D. This separation allowed calculation of biomarker ratios involv-
ing hopanes without interference of tricyclic terpanes which re-
duces analytical errors.
In a comparison between GC  GC–TOFMS and GC–MS/MS, the
ﬁrst one has no loss of structural information, since the full mass
spectra in provided for all peaks which allow application of algo-
rithms to perform spectral deconvolution based on the constancy
of ion ratios across the chromatographic peak. This is possible be-
cause the time of ﬂight mass analyzer monitors all the masses at
the same time doing the spectrum of a compound be the same
throughout the chromatographic peak. Even co-eluting peaks can
be identiﬁed and quantiﬁed by spectral deconvolution. These char-
acteristics make GC  GC–TOFMS a more appropriate tool for
searching non-targeted compounds than GC–MS/MS [33,34].4. Conclusion
A detailed analysis of biomarker composition of oils from
Colombia was performed. Common coelutions in GC–MS and GC–
MS/MS were resolved by GC  GC–TOFMS. Our results showed that
GC  GC–TOFMS can be applied to determine the usual biomarker
ratios in petrochemical analysis.
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